This report addresses economic issues important to the design, acquisition, and evaluation of the costs to consumers, of solar heating and cooling systems in buildings.
LIFE-CYCLE COST EVALUATION OF SOLAR HEATING AND COOLING SYSTEMS

RATIONALE FOR A LIFE-CYCLE EVALUATION OF PRIVATE COSTS.
2.2 LIFE-CYCLE COST ANALYSIS: AN OVERVIEW. The widespread use of solar heating and cooling systems in buildings hinges in large part on their economic performance relative to conventional heating and cooling systems.
OBJECTIVES, CONSTRAINTS, AND ALTERNATIVE SOLUTIONS
Economic evaluations and comparisons of alternative solar and conventional energy systems will be required by research analysts, by builders, homeowners, architects, lenders, manufacturers of solar~nergy equipment, government policy makers, and others in order to determine th@ economic merits of solar energy systems.
To make these evaluations, reliabl §~~d consistent procedures are needed for the collection and analysis of economic costs and benefits associated with the various systems.
Purpose
The purpose of this paper is (1) to explain and illustrate with simple, but realistic examples some basic concepts and techniques for evaluating and comparing the economic efficiency of solar and conventional heating and cooling systems for buildings, (2) to assess the appropriateness of alternative assumptions and procedures which might be employed in the economic evaluation of alternative systems, and (3) to set forth the necessary economic conditions for determining efficient tradeoffs in system/building design.
The paper is intended primarily as a resource document for researchers and analysts who are concerned with the design and evaluation of solar heating and cooling systems for buildings.
Although not definitive in all areas, it aims at providing sufficient background to facilitate later development of a simplified, consumer-oriented handbook to assist homeowners, builders, and others in evaluating the private costs of alternative heating and cooling systems.
Scope and Or~anization
The economic evaluation of solar heating and cooling systems, examined in Section 2, is approached from the standpoint of life-cycle cost analysis. Solar and conventional HVAC (Heating, Ventilating, and Air Conditioning) systems are viewed as alternative means of maintaining a dwelling at a specified temperature, and the focus is on the acquisition, maintenance, and operation costs over the life of a solat heating and cooling system as compared with a counterpart conventional system.
Other possible cost differences in solar and conventional systems, such as in their pollution effects, are recognized as important, but are not considered here.
The relevant cost elements for life-cycle costing are set forth, the minimum data requirements are identified, and several alternative approaches (equal in their results) are described for evaluating the efficiency of comparable HVAC systems.
These approaches include life-cycle cost analysis and benefit-cost analysis.
The appropriate assumptions regarding period of analysis, discount rate, and escalation of costs over time are discussed, and a tentative set of .assumptions is set forth.
The focus is on solar heating and cooling of new buildings, but the same techniques and procedures would also apply to the application of solar energy systems to existing buildings. The economics of applying solar systems to both residential and commercial buildings is considered. Section 3 of the paper is concerned with the problem of making cost-effective tradeoffs at the design state--including tradeoffs among components of solar heating and cooling systems, such as thermal storage capacity versus collector size; tradeoffs in the proportion of heating and cooling to be provided by the solar system and by the auxiliary support system; and tradeoffs between energy conserving measures and heating and cooling loads.
For purpose of illustration, the focus of this part is on the latter tradeoff, i.e., finding the economically efficient combination of building envelope and internal space conditioning system which will satisfy user heating and cooling requirements.
The necessary economic conditions for achieving the efficient combination are identified.
Both Sections 2 and 3 of the paper consider costs in a life~cycle context, but their focus is different.
Section 2 outlines the data and methods required for the life-cycle cost evaluation of given solar system designs. Section 3 focusses on system evaluation during the conceptual design stages of the total solar dwelling; life-cycle costing is assumed in the analysis of design alternatives for the combination of the HVAC system and the building envelope.
Section 4 summarizes the paper briefly.
It also suggests areas for further research.
LIFE-CYCLE COST EVALUATION OF SOLAR HEATING AND COOLING SYSTEMS
This section outlines the use of life-cycle cost analysis to evaluate solar heating and cooling systems.
The emphasis is on specifying the kinds of private costs which should be taken into account by owners of buildings, and the general method for deriving and comparing costs of a proposed or constructed solar energy system with a counterpart conventional system.
The purpose is to develop guidelines for evaluating the economic feasibility of solar energy systems.
Before discussing the methodology of life-cycle costing, let us consider briefly the rationale for focusing on the life-cycle costs of solar energy systems to consumers, i.e., private costs.
Rationale for a Life-Cycle Evaluation of Private Costs
As was noted in the Introduction, this analysis is confined to an examination of direct outlays by the purchaser of a heating and cooling system for a building; social costs or social benefits from external diseconomies or economies, such as air pollution from fossil fuels, are not included.
The reason for limiting the examination to private costs is that they are the relevant factor in the widespread adoption or rejection of solar energy systems for heating and cooling residences and commercial buildings.
Private decision making, such as selection of an HVAC system, does not generally take into account all social costs or social benefits.
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The reason for emphasizing costs, as opposed to comfort benefits, in this paper is twofold:
(1) Most importantly, there will probably not be important differences in the comfort performance (i.e., in private benefits) of alternative heating and cooling systems, in most cases.
For systems which are about equal in their comfort performance and in their satisfaction of constraints, a comparison of costs alone is adequate to dete~ine the more efficient system. (2) Secondly, the differences which are perceived in benefits may be difficult to quantify.
For example, it would be difficult to place a value on the "novelty appeal" which a consumer might derive from having a non-conventional system. In any case, use of a life-cycle cost model does not preclude subjective evaluation of nonquantifiable benefit attributes. Furthermore, differences in system performance can be handled in~cost formulation simply by treating positive differences as negative costs.
(This technique is used in Section 2.5.4.1 to account for differences in rental income for solar-equipped versus conventionallyequipped commercial buildings.)
In most cases a comparison of explicit costs of alternative systems will be the easiest evaluation approach and will probably suffice in view of a number of other inaccuracies. lSection 2.6 presents a benefit-cost comparison of alternatives, but "benefits" is there defined as the fuel cost savings from a solar energy system, rather than as a difference in the level of comfort performance provided by the alternative systems.
2In evaluating HVAC systems, the distinction between system costs and benefits is not always clear, and often differences may be treated as either. For example, greater reliability of HVAC system A compared with system B may be treated in an economic analysis as a benefit for A, as a negative cost for A, or as a positive cost for system B. Now let us consider the usefulness of a life-cycle cost evaluation. Apart from novelty appeal or the desire of building operators to insure satisfaction of their heating and cooling needs in face of the vagaries of the international oil market, there are at least three conditions under which solar energy systems would tend to be used:
(1) if solar systems are economically competitive with conventional systems under competitive market conditions;
(2) if a system of governmental incentives for solar energy (or.penalties for conventional energy) made solar more attractive than conventional energy systems; (3) if "energy moratoriums" were imposed, prohibiting or limiting the use of nonrenewable energy sources, such that construction of new buildings would require provision of a nondepletab1e energy source such as solar energy. These latter two situations might arise for reasons of national defense, environmental considerations, or from the actual unavailability of fossil fuels.
In any of these cases--free market or the constrained market situations--economic efficiency requires adoption of the least-cost system available which will satisfy constraints and heating and cooling demands.
Thus, in any of these cases, an important attribute of a solar energy system is its life-cycle cost.
In the competitive market context, the critical factor is the life-cycle costs of solar systems relative to conventional systems; whereas, in the constrained market context, the relevant lifecycle cost comparison might well be among alternative solar energy technologies.
It may be argued, however, that life-cycle costs have not been a guiding factor in building decisions in the competitive market--that architects, builders, buyers, and the financial community have been generally more concerned with the first cost, the size of the down payment, and the monthly mortgage payment than with the total effective costs of a residence to its owner over its life.
And to a large extent, this observation is valid. But lack of attention in the past does not change the fact that the life-time cost effectiveness of alternative building systems will probably become a guiding factor in investment and purchasing decisions of the future.
There are indications of more attention to residential fuel and utilities costs as these costs have risen.
Life-Cycle Cost Analysis:
An Overview
The technique of life-cycle cost analysis considers total relevant costs over the life of a system, including costs of acquisition, maintenance, operation, and where applicable, disposal.
It is a useful approach both in the comparative analysis of design or ownership alternatives and in the collection of data for purpose of future analysis.
The life-cycle cost concept is an appropriate approach to cost analysis in both the Federal and private sectors.
The major steps in performing life-cycle cost analysis are the following: This list shall be used to guide the discussion of life-cycle cost analysis of solar energy systems; each step will be treated in turn.
Objectives, Constraints, and Alternative Solutions
The relevant life-cycle cost objective is to achieve a desired level of thermal comfort in the home, in terms of temperature, humidity, and other related attributes, at lowest cost, while also meeting possible constraints, such as safety or aesthetics.
There are a number of possible alternative approaches to this objective. They would include use of conventional heating and/or cooling systems, such as a natural gas system, a propane system, an oil system, an electric resistance system, or an electric heat pump system.
The alternatives would also include solar energy systems of varying design, as well as en~rgy conservation investments to reduce heat loss or gain to the residence and thereby reduce the required capacity and level of operation of the heating and cooling system.
Generally, the alternatives are different combinations of solar and conventional energy systems and energy conservation.
(See Section 3 for a discussion of tradeoffs among alternatives.)
A given solar heating and cooling system would be evaluated against these other alternatives to determine the least-cost means of accomplishing the comfort objective.
The alternatives may differ sub~tantially in their comparative costs, but the direction and size of the differences over the life of the building or the period of use may not be apparent without an explicit cost analysis.
Relevant Costs -
As noted above, life-cycle costing takes into account costs over the life of the system, rather than first costs only.
Thus, for the purchaser, lifecycle costing of solar and conventional heating and cooling systems requires assessment of the following kinds of costs:
(1) system acquisition costs, including search costs, purchase prices, delivery costs, and installation costs; (2) system repair and replacement costs; (3) maintenance costs; (4) operating costs, comprising mainly energy cost; (5) insurance; (6) taxes, and (7) salvage values, net of removal and disposal costs.
These costs are required for all parts of the system being costed. The principal solar subsystems for which costs would be collected are the following: (1) solar collector, (2) thermal storage, (3) domestic hot water system, (4) air conditioning components (e.g., absorption system), (5) auxiliary energy subsystems (may·include heat pump), (6) heating and cooling distribution subsystems, and (7) the control subsystem.
Motors, pumps, fans, blowers, wiring, and tubing are included in these subsystems.
For purpose of comparison, cost of acquisition, repair and replacement, operation, maintenance, insurance, taxes, and salvage values would also be required for the heating and cooling units and the distribution and other applicable subsystems for the counterpart conventional system(s).
In addition, the HVAC system (solar or conventional) is an integral part of the total dwelling system, and may thereby affect costs of the building envelope and other building subsystems.
For example, use of a solar energy system may impose special structural requirements on the building envelope, such as additional roof supports to bear the weight of the collector, or special siting requirements to enable efficient operation of the solar energy system. Necessary alterations may increase usual building costs or may be cost-reducing, as in the case of a reduction in the cost of conventional roofing that results from replacing it in part by the solar collector component. Also, the optimal expenditure for certain envelope features (e.g., insulation, roof overhangs for solar shading, and storm doors and windows) may be different among different types of energy systems.
Neglect of these differences in related building costs would distort the comparison of solar and conventional systems.
An additional cost, not included in the above listing of costs because of its difficulty to quantify, is the cost of future system modification, which might be undertaken, for example, for purpose of modernization or expansion. If it is an important selection criterion, differences in the relative flexibility or adaptability of alternative HVAC systems can be taken into account in system comparisons by assigning either a cost value for inflexibility or a benefit value for flexibility of one system relative to another.
A cost item included in the above listing which may warrant explanation, is "search cost."
Search cost refers to the cost to the purchaser of obtaining the information necessary to consider use of a solar system.
It would include the cost (in time and direct money outlay) of determining the technical suitability of a solar system for a given building, of determining the availability of solar designs, of identifying the availability of maintenance service for solar systems, etc.
It is, in short, a "nuisance" cost arising from the typical builder's and consumer's lack of experience with and knowledge of solar systems.
This cost may not be easily quantifiable; it is variable by purchaser; and it will tend to change over time.
For most purposes, it will be sufficient to treat this cost subjectively, noting, for example, that if the costs.ef a solar and a conventional energy system are identical in all respects except search costs, that the solar system will be disadvantaged in this respect. As these costs are reduced by greater consumer knowledge and/or are incorporated into purchase price, it will become unnecessary to consider them separately from purchase and installation price. 1 A life-cycle cost comparison of alternative systems may be based on total costs for each system or on the differences between systems.
It is, however, the cost differences which are critical to determining efficient choices between alternatives.
Cost items which are identical for the alternatives can be conveniently omitted from a comparison without changing the outcome of the analysis. For example, if the auxiliary heating system of a solar heating system is identical (or nearly identical) to the conventional system which would be used alone, omitting the'first cost of the conventional system and of the auxiliary system from the life-cycle cost comparison would not matter, since the addition of an equal sum to each alternative's cost would not alter the difference between them.
lGovernment programs (such as the Solar Demonstration Program authorized by the Solar Heating and Cooling Demonstration Act of 1974) which increase knowledge and information regarding solar energy systems, tend to reduce search costs or at least shift them from the direct consumer to the general taxpayer.
And, as manufacturers of solar energy systems provide more information through advertising, service contracts, and warranties, search costs will tend to become reflected in the supply price of solar energy systems.
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, Collection of total cost data (as opposed to cost differences), however, is generally preferable when the analysis is not being made "on 'the spot" or by an analyst directly familiar with system costs.
This recommendation would apply, for example, to the analysis of government sponsored solar heating and cooling projects.
The requirement of total cost data would help to prevent the omission of relevant costs, and would allow the analyst greater flexibility in the method of analysis.
Furthermore, the collection of total life-cycle costs, rather than cost differences, is preferable for the purpose of developing a historical data file which may be used for other analyses. Table 1 depicts the principal kinds of cost data which would be used to evaluate solar and conventional energy systems.
At a minimum, acquisition, maintenance, replacement, and operating costs are required for each of the subsystems listed.
For more extensive analysis of casts py subsystem, additional detailing of costs within subsystems would be nea.essafY.
(Insurance and tax costs are not shown in Table 1 ; assessment of insurance and tax impacts on costs are discussed in some detail in a later section.)
In evaluating the expected future cost effe.etiveness of an experimental solar system which has not yet been produced in quantity, the analyst may wish to project future costs of the system, in addition to measuring costs of the prototype system.
In this case, data requiremonts will encompass costs of the prototype system, as well as projections of future costs for the system, based on a set of assumptions regarding technological change and production volume. After selection of the conventional alternatives to which solar heating and cooling is to be compared and identification of all the relevant costs for each alternative, the next step in the ana1y~is is to determine the amount and timing of positive and negative cash flows aasociated with each alternative. The costs and their time of occurrence can be conveniently summarized by using cash flow diagrams.
It is necessary to take account of the timing of cash flows because money has a time value, and, thetefore., equal expenditures made at different times do not have the same value.
Discounting of Costs
In order to compare systems, it is necessary to convert the expenditures for each system to an equivalent base. This is done by applying appropriate discounting formulas to costs to convert them all to either a present value basis or an annual cost basis.
There are six basic formulas which are used to move values in time so that they may be compared on an equivalent basis with 1The time value of money reflects the opportunity for investment which will yield a real return; it is a consideration apart from inflation. Table 3 . Discount factors from both of these tables are used in the life-cycle cost models developed in the following section. By multiplying a given dollar value by the appropriate discount factor for a selected time and discount rate, one obtains the same solution as would be obtained by applying the corresponding discount formula to the given value.
For example, with a discount rate of 10%, the present value of a $500 cost to be incurred 10 years from now may be calculated by applying the single present worth discount formula to the future amount (i.e., P = $500 1 = $198), or by multiplying $500 by the single present worth discount (1 + .10)10 factor for 10 years at 10% (i.e., P = $500 (.3855) = $198).
The discounting of costs requires selection of a discount rate.
In general, the appropriate rate for discounting costs is the rate of opportunity cost to the investor; i.e., the rate of return foregone on the next best alternative investment.
Discount rates may be expressed in nominal (market) terms or in real terms. Nominal rates include an inflation factor, whereas real rates are net of inflation.
Either expression may be used as long as costs to be discounted are expressed in corresponding terms.
That is, if a market rate of interest is used to discount costs, future costs should be estimated to include inflationary price changes; if a real rate of interest is used to discount costs, future costs should be estimated net of inflation.
To simplify the analysis and avoid unnecessary computations, a customary practice is to assume--in absence of strong evidence to the contrary--that all prices, costs, and incomes inflate or deflate at the
For examples, sis.
these basic formulas are often used in life-cycle cost analythe uniform present worth formula may also be written as
(1 + l)N i and the single present worth factor may be used with a price escalation factor (e) in the numerator to calculate present value of a yearly cost (Yo) escalating at a fixed rate, i.e., Table 2 DISCOUNT FORMULAS USE WHEN Gerald W. Smith, Engineering Economy, p. 47.
STANDARD
" Table 3 DISCOUNT same rate! such that the changes are offsetting and need not be included in the analysis.
On the other hand, if price changes for specific items of cost, e.g., fuel, are expected to differ from the general level of price changes and can be forecasted with some confidence, they should be included in the analysis.
Opinion is mixed regarding the appropriate real discount rate to evaluate the cost effectiveness of building systems.
The historical real rate of return on business investments has generally been estimated at about 3-4%.
Agencies of the Federal Government are directed to use a 10% real rate to evaluate government investments. 2 It has been suggested that the real aftert~x opportunity cost of the "typical" homeowner is quite low--as low as 1% or 2%.
The rate on second mortgages, as an indication of the homeowner's cost of borrowing, suggests a slightly higher real rate.
Given the uncertainty of an appropriate rate, it is suggested that the evaluation of alternatives be made with several interest rates to test the sensitivity of the analysis to the discount rate.
Evaluating costs on basis of a low rate equal to, say, 2% and a high rate equal to, say, 15% in real terms, would provide a reasonable range of rates for a sensitivity check.
Life-Cycle Cost Models
Life-cycle costs of a solar HVAC system can be computed with either a present value or an annual cost model.
Both approaches take into account the changing real value of money over time.
In the present value model, all costs and salvage values are forecasted over the period of analysis and then discounted to an equivalent single cost today.
In the annual cost model all costs and salvage values are forecasted over the period of analysis and then are divided into uniform annual costs by discounting.
Present value costs can be easily converted to an annual cost basis, and vice versa.4 lBut in fact, the assumption that if inflation affects costs and revenues equally it does not affect the outcome of the analysis, is valid only if the HVAC system is purchased completely with equity funds (i.e., unborrowed funds), and if the system is not depreciated for tax purposes.
With debt financing of the system, the payments of the purchaser tend to be fixed in amount, and their present value declines with inflation.
In the case of depreciation of the system for tax purposes, which is allowable for commercial applications, inflation causes the depreciation expenses to fall in real value, since depreciation is based on the initial purchase price of the system.
In addi~ion, there are other effects of inflation beyond these two.
For evaluation of solar systems in residences, these effects are not likely to be important, but in evaluating commercial applications, they may warrant attention. The Macmillan Co., 1969).
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Apart from taxes, the basic formula for computing the present value of an HVAC system can be developed by applying to the cost items from Table 1 , the appropriate discounting formulas from Table 2 .
(The effect of taxes on costs will be deferred to Section 2.5.4.)
The following formula includes terms for the basic kinds of costs, i.e., acquisition, replacement, maintenance, and operating costs, and would be suitable to compute the costs of either a solar (plus conventional auxiliary) system or a conventional system alone.
where PV = present value cost of the HVAC system over period N, I = initial investment costs, including costs of acquisition, delivery, and installation of the heating and cooling system(s), S = remaining value of the HVAC system(s) at the end of the period of analysis, i = annual discount rate in real terms, N = period of analysis in years, (may-be the life of the building or a shorter designated period), Rj = Replacement and repair costs in year j at present prices, including costs or replacing or repairing any part of the system, Sj = salvage value in year j, where j < N, at present prices, of replaced parts, Rj -Sj = net replacement and repair costs in year j, M = estimated annual maintenance cost at present prices, assumed here to be constant over the life of the system. (Alternatively, these costs might be assumed variable from year to year, in which case they could be included in the repair and replacement term; or they might be assumed to escalate at a constant rate or amount over time, in which case they could be treated as fuel costs are treated above or discounted by use of gradient series interest formulasl, respectively.) Investment costs are entered in the equation without discounting, because these costs, as first costs, are already in present value terms.
The remaining value (salvage) of the system when use has terminated or when the defined period of analysis has ended, is converted to present value by use of the single present worth formula, and is deducted from investment cost because it represents investment costs not actually incurred.
Cost of replacing parts of the system, net of the salvage value of the old parts, are discounted from the year they are expected to be incurred to present value, summed, and added to other costs. Annual maintenance and repair costs might generally be assumed constant in real terms, and, if so, would be discounted to present value by use of the uniform present value formula.
Two terms are included for energy costs to indicate that several sources of energy of varying price might be used.
The annual expenditure on each energy source should be escalated if real increases in price are expected. The escalated annual costs are then discounted to present value and summed.
The last two terms, cost of building modifications and cost of building s~ce occupied, are incurred initially, and, therefore, are already in present value equivalents.
The basic cost elements in the annual cost formula, equation (2), are identical to those in the present value equation.
The only difference is in the discounting procedures.
There are several ways to formulate the annual cost equation.
One way is simply to apply a capital recovery factor to the present value costs as expressed in equation (1) to convert them to an equivalent uniform stream. This is essentially what has been done in the following annual cost model for computing life-cycle costs of an HVAC system, with the exception that annual maintenance cost, M, is entered directly, without discounting, since it is already in appropriate form .
. j~
where the variables are as defined previously.
Generally, in the cost analysis of building subsystems, the present value of costs would be computed for the life of the building; i.e., N would be defined as building life (usually 30 to 40 years or greater).
Alternatively, N may be defined as "the period of analysis," which may be equal to, or much shorter than building life, say 20 years.
Reasons for limiting the period of analysis to a shorter period than building life might be that forecasts of energy availability and conditions in the housing market become increasingly uncertain at farther points in time, or that intended use of the building is limited and resale uncertain.
Other things equal, if a very low discount rate were used, the results would tend to be quite sensitive to whether the choice of periods were relatively short or long; but if a relativ~ly high discount rate were used, the results would be much less sensitive t~the length of the period.
Treatment of Taxes, Insurance, and Governmental Incentives
Thus far, only the more obvious elements of life-cy~le costs have been treated, the effects of various institutional arrangements which may alter the effective costs of solar energy systems to the purchase~have not yet been taken into account.
Taxation, for example is one institutional effect which frequently alters the cost or profitability of investment decisions. Insurance is another.
In addition, state, local, or Federal programs of incentives or penalties to encourage or discourage respectively the choice of certain HVAC systems may change life-cycle costs.
Since widespread adoption of solar energy systems in buildings depends upon the effective dollar costs to the owners and u~~rs, these effects should be considered.
The remainder of Section 2.5.4 discusses how the life-cycle cost formulas given earlier, equations (1) and (2) could be modified or expanded to account for the effects of taxation, insurance, and special government programs on the life-cycle costs of owning a building.
It also assesses in general terms the probable direction of impact of taxation on an owner's costs.
Taxes
The effect of taxation on costs of a solar system to the owner may be considered for two main cases:
(1) for the owner-occupied solar residence, and (2) for the rental solar residence Or other solar commercial building. For both cases, taxes impact on costs in several ways, in some instances raising and in other instances lowering life-cycle costs of the solar HVAC system relative to its conventional counterpart.
Let us examine the two cases in turn for tax implications.
For the owner-occupied residence, the primary tax effects are from the property tax and, indirectly, from the income tax. The particular effect of either of these taxes could be expected to vary considerably among individual solar residences, depending upon local property tax rates, property assessment practices, and the income tax bracket of the homeowner.
The focus here is on the nature of the effects and on the method of including them in the life-cycle cost analysis.
The property tax, which is levied as a percentage of a share of the market value of a building, would tend to raise the life-cycle costs of a solar HVAC system relative to a conventional system. Life-cycle costs would be raised because, other things equal, the greater first cost of solar HVAC equipment would be reflected in a higher market value for the residence, and, hence in a larger assessed value for the solar residence than for a conventional residence with its lower first-cost HVAC system. Thus, the capital intensiveness of an HVAC system influences the amount of property taxes levied on a residence, and thereby, alters the life-cycle cost of the HVAC system.
As a simple example, let us compare the property tax on a $60,000 solar residence, of which $8,000 is attributable to additional cost of the solar HVAC system, with a counterpart conventionally heated and cooled home valued at $52,000 (i.e'l$60,000 -$8,000). Given a typical tax rate of 4.50% of 50% of market value, the $60,000 solar residence would be assessed at $30,000 and taxed $1,350.
The counterpart conventional home would be assessed $26,000 (i.e., 50% of $60,000 -$8,000) and taxed $1,170.
For purpose of illustration further assume a real discount rate of 2%, a constant real property value (including a constant real value for the solar system with replacements made as needed), and a constant property tax rate over a 20 year period of evaluation, (the assumption of a constant real property value and a constant property tax rate means that even though the nominal, or market, property value changes, the yearly property tax remains constant in terms of present prices.)
Over 20 years, the property tax on the solar residence would amount in present value the above example is to raise the life-cycle cost of the solar residence relative to the conventional system by nearly $3,000. This simple illustration suggests that the property tax provides a disincentive for choosing solar HVAC systems.
In the example, a constant real property value was assumed for ease of illustration.
This assumption implies no real depreciation of the system over time during which necessary replacement of parts is made; i.e., the salvage value, in real terms, is assumed equal to the original first cost.
In some cases this assumption might be reasonable.
An alternative assumption is that the HVAC system (with parts replacements) depreciates in real terms from the time of purchase, such that little or no real value remains after, say, 20 years . lFrom sample census data for single-family houses in a number of U.S. cities, assessment values appear to range from about 8% to 93% of market value; nominal property tax rates from a low of about 1% to more than 25%; and the effective tax rate from only about 1% to 4% of market value.
A typical property tax might be 4.50% of 50% of the market value, i.e., an effective rate of 2.25% of the market value of a residence.
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• A general expression of the present value of property taxes attributable to the HVAC system (PVt) is where
t = the property tax rate, G. = the assessed value of the HVAC system in year j, in present dollars. This iormu1a would cover both the case of a constant real assessed value for the HVAC system and the case of changing real ass.ssed values over time.
To account for the property tax effect in the present value formula equation (1), the above term would simply be added to equation (1). In the case of the annual cost formula, it would be necessary first to convert the present value to an annual cost by applying the capital recovery discount formula; that is,
The above term would be added to equation (2).
The income tax, in contrast to the property tax, would tend to reduce the life-cycle cost of a solar vis-a-vis conventional residence in two ways. For one thing, the homeowner is able to deduct his mortgage interest payments from taxable income.
The higher first cost of the solar HVAC system, by increasing the size of the mortgage to be amortized, raises interest payments; the higher interest payments can then be deducted from income for purpose of computing income tax.
The value of the tax deduction to the homeowner depends on his personal income tax bracket.
Consider, for purpose of illustration, the case of a solar HVAC system whose first cost of, say, $8,000 comprises part of the homeowner's mortgage.
With a 10% market rate of interest on the residential mortgage, the $8,000 amortized over 20 years would add approximately $940 per year to the mortgage payment.
(For simplicity let us assume yearly mortgage payments rather than monthly payments.)
The addition to the yearly payment is fixed at $940 over the 20 years, and interest comprises a declining portion of the payment over time.
In the first year, interest amounts to $8000 (i.e., $8,000 x .10 = $800), and the principal is reduced by $140 (i.e., $940 -$800 = $140).
In the second year interest is $786 [i.e., ($8,000 -$140) x .10 = $786], and the principal is reduced by $154 (i.e., $940 -$786 = $154); etc. Thus in the first year, the solar system would result in additional interest deductions from taxable income of $800, and, if the homeowner is in a 25% income tax racket, the end-of-year value of the diduction would be $200 (i.e., $800 x .25 = $200).
At (During a period of price change, it would be necessary to apply a price index to the amount of the tax deductions to convert them to present prices. This conversion of current dollars to real terms would be necessary because the tax deductions are fixed, and do not reflect changing prices.)
The above term would be subtracted from equation (1) to account for the effect of tax deductions of interest on the present value of the homeowner's life-cycle costs.
To account for this tax effect in the annual cost formula, equation (2), it is necessary to convert the above present value expression to an annual cost, i.e.,
N t (L •• m)
This term would then be subtracted
.., ..
In addition to the deduction of interest payments, the homeowner would also be able to deduct payments of property taxes from taxable income.
Thus, a part of the increase in life-cycle cost of a solar HVAC system resulting from higher property tax on the solar residence would be offset by related income tax deductions.
The present value of the property tax deduction (PVp) can be calculated as This term would be subtracted from equation (1) to take into account the effect of income tax deductions of property taxes on present-value costs.
The annual cost formula would be adjusted for this tax effect by converting the net present value to the annual cost equivalent (as was done in the preceding case) and subtracting this from equation (2).
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, Alternatively, the net present value effect of the property tax and the related income tax deductions (PV t) could be included in the present value formula by adding the following s~ngle term which can be derived from equations (3) and (7).
In conclusion, property taxes tend to increase the homeowner's cost for a solar HVAC relative to a counterpart conventional system due to the greater capital-intensiveness of the typical solar system. Income tax effects on the other hand, tend to reduce the relative costs of the typical solar system, principally due to deduction from the homeowner's taxable income of interest payments which are larger for more capital-intensive. aystems.
With these tax effects included (and without simplifying the equation), the formula to derive present-value life-cycle costs of an HVAC system to the homeowner is the following:
where PV = present value cost to the homeowner of an HVAC system over period N, with taxOeffects included, and other terms are as previously defined.
Let us now consider the tax effects on the life-cycle cost of a commercial building equipped with a solar HVAC system, as compared with a commercial building equipped with a conventional HVAC system.
In the case of commercial use of solar systems the~reviously described property tax and income tax effects would also apply.
There are in addition, other income tax deductible expenses to consider in evaluating the commerically used system, such as depreciation deductions and deductions of operation and maintenance expenses. Also, after-tax rental income of commercial buildings may be influenced by the choice between solar and conventional HVAC systems, and therefore, may need to be considered;
The larger capitalized value of the solar HVAC system would result in increased deductions of depreciation from taxable income.
For example, using a straight-line method of depreciation and assuming a first cost of $8,000 for the solar system, a 20 year life, and no salvage value, the annual depreciation
1
The institutional treatment of property tax and interest charges would be somewhat different for commercial buildings than for owner-occupied houses in that these items of cost would be deductible as business expenses. The effect on costs, however, would be described by the same mathematical expressions as developed above.
would be $400. The present value to the building owner of the $400 depreciation in a given year may be found by applying his income tax rate to the $400, and discounting that amount to the present.l Alternatively, a depreciation method might be used which does not yield equal yearly amounts in either real or nominal terms (e.g., a declining balance method).
A general expression of the present value of the tax deduction resulting from depreciation (PVD) is w·here This term would be subtracted from equation (1), reducing the present value cost of the solar HVAC system. For the annual cost equation, the above expression would be converted to an annual basis, i.e.,
and this value would be subtracted from equation (2).
On the other hand, a solar HVAC system would generally involve lower operating (fuel) costs than its conventional counterpart.
Tax deductions for operating costs would, therefore, tend to be lower for a solar system than for its conventional counterpart.
Recause of the time value of money, the presept value of depreciation expenses are less than the present value of the capital expenses upon which they are based.
In contrast, the present value of the deductible operating expenses are approximately equal to the corresponding operating expenses incurred.
Consequently, if present value capital costs are substituted (traded off) for present value operating costs on a dollar-for-dollar before-tax basis, there will not be a corresponding dollar-for-dollar tradeoff on an after-tax basis. Rather, the present value of after-tax capital costs will increase relatively more than operating costs decline, and after-tax total costs will, therefore, rise as a result of the more capital-intensive system. Hence, the fact that operating costs are fully deductible as a current business expense, while capital costs are deductible only as a depreciation expense may in some cases bias building owners towards relatively less capital-intensive conventional HVAC systems over solar HVAC systems.
In the case of systems sized for small buildings, the biasing effect will probably be inconsequential, but for large buildings, it may significantly discourage the selection of solar HVAC systems. lFor purpose of this illustration, future price change is not considered, and the yearly depreciation found by dividing the first cost of the solar HVAC system (V) by the number of years of its assumed life (n), is taken as the annual depreciation cost. In fact, however, an amount of depreciation fixed in nominal dollars would become a decreasing real amount during a period of inflation.
To take account of changes in the real value of annual depreciation, it would be necessary to apply a projected price index for each future year to!, thereby converting depreciation to present dollar terms.
n Thus far the cost evaluation formulations have been based on the assumption of equal private benefits for the solar HVAC system and the conventional counterpart to which it is compared.
However, in the case of some rental properties, particularly low density rental residences, it may be necessary to take into account possible differences in rental revenue.~~ere conventionally provided utilities are paid by the tenant, rental revenue could be expected, other things equal, to be higher on a solar residence than on a comparable conventionally-equipped residence.
That is, the owner of a solar rental residence would incur the costs of solar equipment that would be reflected in higher rent but lower utility bills to the tenant.
The owner of the rental solar residence would require higher rental payments to cover his higher capital costs.
Assuming other things equal and a well functioning market, tenants should be willing to pay an additional amount of rent up to the amount of the additional utilities outlay which they would incur in a counterpart conventionallyequipped residence (i.e., an amount sufficient to equalize the life-cycle costs to the tenants of counterpart solar and conventional rental units).
Different amounts of benefits (i.e., rental income) for buildings equipped with different HVAC systems means that benefits of the alternative systems are unequal.
To compare the alternative systems, differences in their benefits as well as in their costs should be evaluated.
Inequalities in benefits can be treated in the present value and annual cost equations as negative costs, by entering, in this case, as a negative cost any additional after-tax rental income generated by the rental solar residence over the conventional counterpart.
Annual after-tax rental income (YT) would be expressed as where
Y = additional annual gross rental revenue for a solar residence over its counterpart conventional residence, and 1 -t = the factor applied to obtain after-tax income.
This additional amount of annual income, i.e., (1 -t) Y, would be subtracted from equation" (2) to adjust the annual cost formula.
To adjust the present value formula, the term would be converted to present value equivalence and subtracted from the equation; i.e., the expression 
There are several reasons why insurance costs might differ for a solarequipped residence as compared with one conventionally equipped. For one thing, the homeowner might insure his larger capital investment from damages, e.g., the solar collector from breakage by natural or human forces.
For another, the fire insurance rate for a solar HVAC system may b~less than that for a conventional system used alone, because of such factors as a smaller use of a fired furnace.
Differences in probability of fire occurrence may beco~e reflected in differential insurance rates.
Since insurance costs are one of the costs of operating a residence, they should be considered in the life-cycle cost analysis.
In so doing, it is important to remember that insurance costs represent a tradeoff to the homeowner for incurring damage costs.
It is the net cost to the homeowner of damage (I ) n which is relevant; that is, the cost of insurance (insurance premiums) plus damage losses, net of insurance reimbursements collected. The net cost in annual cost terms is as follows:
1 Ej = Depreciation and other deductibles in year j, at present prices.
Alternately, M in both equations (1) and (2) could be redefined as net annual maintenance and repair costs, where repair costs are adjusted to account for annual insurance outlays and receipts.
Governmental Incentives
Effective life-cycle costs to owners and users of solar-equipped buildings may be further changed by governmental programs designed to encourage adoption of solar HVAC systems.
These programs might offer special incentives for solar systems in the form of tax credits, low interest loans, or direct grants or subsidies to manufacturers and/or buyers of solar HVAC systems.
Alternatively, incentives for solar systems might be provided in the form of penalties applied to conventional HVAC systemsisuch as by taxing conventional HVAC systems more severely than solar systems.
In either case, if the comparative cost to the homeowner is altered by special programs, the cost evaluation should reflect the induced changes.
The method of treating the cost effects of such programs would vary.
Subsidies to producers of solar systems, for example, might be reflected in the lower purchase price of the systems, and no additional expression need be introduced into the life-cycle cost model in order to assess this effect.
On the other hand, a subsidy to the purchaser of a solar HVAC system, say, in the form of a low interest loan for the purchase of a solar home, might require specific evaluation of the interest subsidy, including income tax effects.
Some programs intended to provide incentives for purchase of solar energy systems may do this by reducing previously existing disincentives for solar energy.
For example, some states and localities are exempting from the property tax some part of the first cost of a solar HVAC system (e.g., in Indiana, a 1974 law requires that county property assessors exempt up to $2,000 of the cost of a solar heating or cooling system installed in a residential or commercial building form the real property tax).
A comprehensive evaluation of the effects of government incentives on lifecycle costs of solar versus conventional HVAC systems is beyond the scope of this paper.
However, a general treatment of the expected impact of alternative incentive techniques would be a useful background to the cost evaluation of specific solar residences and commercial buildings.
Comparison of Alternatives
To compare solar and conventional systems, several approaches can be used. One approach is to calculate the life-cycle costs of each system with either a present value or annual cost formula as depicted by equations (1) and (2). Cost differences between systems may then be found simply by subtracting the lifecycle cost equation for one system from that of another, term by term if desired.
In this way, the system with the lowest life-cycle costs can be identified.
lThis discussion of governmental incentives is not intended to recommend incentives; the purpose is only to identify all the factors which should be considered in a comprehensive analysis of solar HVAC systems.
There are a number of additional methods for analyzing investment decisions, such as benefit-cost analysis, internal late of return or yield method, payback method, and return-on-investment method.
These methods are used to analyze conventional investment problems, which involve both cash outlays and cash inflows.
For heating and cooling systems, cash flows are generally negative.
It is possible, however, to structure this evaluation problem in conventional investment terms, by focusing on the incremental investment cost which is typically required for a solar HVAC system over a conventional system, and on the reduction in energy costs resulting from the higher investment cost.
Converting the problem into one which involves costs and savings (reductions in costs) allows us to use these additional methods of analysis.
The payback method and the return-on-investment method are popular methods of analysis because they are easily calculated and readily understandable.
However, they characteristically have two important weaknesses which may seriously distort the evaluation, and, therefore, they are not recommended as principal methods for evaluating alternative systems.
First, they do not (as usually calculated) take into account the timing of cash flows.
Second, they do not take into account the magnitude of total benefits (i.e., total energy cost reductions over the period of analysis), or total costs.
The payback method ignores benefits which accrue after the payback date; the return-on-investment method focuses on average returns.
These methods, nevertheless, may be useful in providing supportive evaluation information.
Neither is the internal rate of return, or yield, method recommended, although it usually gives the correct solution.
Shortcomings of the internal rate of return method are that (1) it is more cumbersome to calculate, and (2) indeterminant solutions may result under some circumstances.
A net present value benefits method is in most cases a reliable approach to evaluating a capital investment •. This technique can be used to convert a problem in which all cash flows are negative into a conventional investment problem involving cash outlays and cash benefits. This is a suitable method for evaluating solar HVAC systems vis-a-vis conventional systems, because solar systems generally involve a larger investment cost than conventional systems, but give rise to less operating costs than conventional systems.
That is, they result in savings (i.e., benefits) in the form of reduced energy costs.
2
Using this approach, the costs are defined as the present value of the extra costs of owning and maintaining a solar system and the benefits as the present value of savings in energy costs for a solar system as compared with a conventional system.3
The difference between these costs and benefits, i.e., net benefits, is the measure of the efficiency of the investment in a solar system as compared with a conventional system . lFor comprehensive descriptions of these techniques, see Gerald W. Smith, Engineering Economy, , and Eugene L. Grant and W. Grant Ireson, Principles of Engineering Economy, pp. 66-147. 2The analysis could be stated in terms of uniform annual value rather than present value, in which case net annual benefits would be calculated.
3
As used here this approach assumes that the benefits of the alternative systems in terms of heating and cooling performances are equal, and that the systems will differ only in their costs.
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Positive net benefits indicate that the solar system is more efficient, i.e., more cost effective, than the conventional system. Negative net benefits indicate that the conventional system is more efficient. Table 4 , which is in 5 parts (A through E), is an illustration of a benefitcost comparison of a solar heating system and a conventional heating system. It is based on hypothetical data, for a specific set of assumptions.
(Note that the purpose of this example is to demonstrate the methods of evaluation, and not to present evaluation results of actual systems.
Therefore, undue attention should not be given to the numerical outcome.)
Part A of Table 4 shows the general assumptions upon which the example is based, including the heating load, type of systems costed, period of analysis, discount rate, and two rates of cost escalation.
Part B shows the additional costs of acquisition and maintenance for the solar system over the counterpart conventional system.
It is assumed that the solar system requires a conventional backup (auxiliary) system of size and with acquisition and maintenance costs equal to the conventional system used alone. This assumption reflects the need to ensure adequate heating during long periods of cloudy weather when the solar system is unable to contribute to heating requirements.
Part C shows the assumed annual energy costs for both systems and the annual energy cost savings (benefits) for the solar system in present prices without price escalation.
Energy costs for the solar system ($194) consist of electricity costs to power motors and pumps ($20) both for the solar components and the IAlternatively a benefits-to-costs ratio could be computed, in which a ratio greater than I indicates that the extra investment costs of the solar system is economically worthwhile, and a ratio less than I indicates that the investment in the solar system is not efficient. (To convert Btu/hr2 ft to W/m , multiply by 3.152; to convert ft t9 m , multiply by 9.290 x 10-; to convert lbm. to Kg, multiply by 4.535 x 10. -)
-
The reader interested in using the system of SI units more extensively is referred to American Society for Testing and~aterials, Metric Practice Guide, ASTM No. #380-72, 1972. 26 Table 4 PART auxiliary components, and fuel oil costs ($174) for the auxiliary system to provide 40% of required heating demands. Energy costs for the conventional system ($410) consist of electricity costs to power motors and pumps ($10), and fuel oil costs ($400) to provide 100% of required heating dem~nd. The annual energy savings amounts to $216, i.e., $410 -194. Table 4 show the calculation of net benefits of the solar system as compared with the conventional system, under two assumptions for energy cost escalation.
Parts D and E of
Alternative assumptions are employed in the example in order to illustrate the sensitivity of the results to different rates of energy cost escalation (see Section 2.7 for a discusssion of sensitivity analysis). Part D calculates net benefits based on present estimated energy costs, with no escalation in real costs over time.
Based on the assumptions of this hypothetical example, net benefits are shown to be a negative $5,653, and, accordingly, the life-cycle cost of the illustrative solar system exceeds that of the conventional system by this amount.
Part E of the exhibit calculates net benefits based on an increase in the real price of energy of 4%, compounded annually.~he effect of this assumed escalation in energy costs is to raise substantially the energy savings of the solar system.
However, the life-cycle cost of the solar system still exceeds that of the conventional system by $3,855.
Again, the reader is cautioned against placing undue emphasis on the numerical outcome of the case example.
For a different set of assumptions, such as higher energy prices and/or lower cost of solar components, the outcome would be different.
As research and development work proceeds, the costs of solar components may fall significantly from prefient levels.
Uncertainty in Cost Evaluations
As may be seen by the preceding example, evaluation results can be quite sensitive to both the data estimates and assumptions employed in the analysis.
Factors affecting the outcome include (1) the discount rate used to convert future costs to an equivalent base; (2) the investment costs necessary to implement the HVAC systems; (3) the lives of the systems, their salvage values, and the length of the period over which the systems are compared; (4) the projections of future costs of maintenance and repair; (5) the rate of real price escalation in energy sources; (6) and the proportion of the total energy load provided by the different systems.
The general direction of influence of these variables is summarized in Table 5 .
The preceding discussions of evaluation methods have not dealt with the problem of uncertainty regarding the estimated values of costs and benefits to be used in the analysis.
In fact h~wever, alternative systems will involve varying degrees of uncertainty or risk as to what will be their actual costs of acquisition and operation.
Uncertainty regarding values for the solar system arises principally because it is a "new" technology.
Uncertainty arises for the conventional system primarily because future availability and prices 1rhere are technical differences in the meaning of risk and uncertainty, but for the purpose here they can be treated as one, in that they both can cause results to vary from predictions.
For a survey discussion of risk and uncertainty, see William Fellner, Probability One method of handling uncertainty in cost evaluations is to express costs and benefits as "expected values." This is done by multiplying the probability of an expected occurrence by the dollar value if the event does occur. For example, the probability of failure of the motors which circulate the collection medium through the collector plates might be multiplied by the cost of repairing the motors in order to find the expected cost of re.pairs.
Probability analysis requires determination of the probabilities attached to the various variables of each system--a difficult and uncertain effort in· itself.
Broad practical experience with solar~ystems or systematic research is needed to provide informed bases for estimating system probabilities. At present, the "best effort" will likely to be rely upon performance information provided by manufacturers, considered judgment of the analyst, and the use of break-even and sensitivity analysis to investigate the impact on costs of possible variations in the values of the determinant parameters.
Break-even analysis focuses on a single key variable which is regarded as a "risk factor."
This form of analysis identifies the minimum (or maximum) value of the risk factor for which the alternatives would be equal, or which is required to achieve a targeted outcome.
For example, one might solve for the break-even rate of escalation in fuel prices which would equate the life-cycle costs of a solar and a conventional system, given other costs.
Alternatively, one might solve for the break-even collector plate price per sq. ft., or for the break-even number of years of use (i.e., the payback period).
The analyst can then assess the likelihood of achieving less than or more than the breakeven value for that factor. Sensitivity analysis allows the analyst to determine the effect on the outcome of variation in one or more factors.
A matrix can be developed to show the results of various combinations of assumed values for the determinant factors.
Those factors which have a large impact on the outcome can thereby be identified and subjected to further study.
Sensitivity analysis was used in the illustrative cost comparison of Section 2.6 to test the impact of alternative future changes in fuel prices on solar net benefits.
The appropriateness of assumptions to be used in evaluating alternative systems will vary depending upon the nature of use; for example, it might be reasonable to use different discount rates in evaluating HVAC systems used on commercial versus noncommercial buildings.
However, it is important that assumptions be uniformly applied in making comparisons among systems. Table 6 shows an illustrative set of assumptions which might be used to evaluate life-cycle costs of alternative systems.
A range is given for each variable to allow sensitivity assessments. The Brookings Institution, p. 55).
CONDITIONS FOR ECONOMIC OPTIMIZATION OF THE SOLAR HVAC SYSTEM AND THE BUILDING ENVELOPE
Section 2 presented methods of measuring the costs and comparing the efficiency of solar and conventional HVAC systems.
These same methods of analysis can be applied to a number of tradeoffs in the design and operation of an HVAC system within a building.
For example, at the system design level, life-cycle cost or benefit-cost analysis may be used to evaluate the efficiency of substituting among the various components and subsystems, such as increasing thermal storage capacity and decreasing collector area, or vice versa.
In choosing among HVAC systems for a particular dwelling, evaluation may be made of the relative efficiency of various combination~of solar and auxiliary conventional systems.
In designing or adapting a building for the use of a particular HVAC system, analysis techniques can be used to determine the efficiency of investing in energy conservation to reduce heat loads as compared with substituting a larger supply of heated or cooled air to the building.
Analysis may also be made of tradeoffs among energy conservation techniques in order to determine the optimal combination of techniques to accomplish a given reduction in heating and cooling loads.l For example, different combinations of attic, wall, and floor insulation; storm windows and doors; insulating glasses; weather stripping; as well as building-site orientation and solar shading may be evaluated.
Since the alternatives will usually differ in their relative costs, the life-cycle costs of achieving a given heating and cooling objective may vary greatly depending upon the particular choices which are made.
The evaluation techniques discussed in Section 2 can be used to evaluate the costs and benefits associated with incremental changes in the size or design of a system, and, therefore, are useful in optimizing the HVAC system within the building envelope.
The basic evaluation techniques having been treated, the focus of Section 3 is on setting forth and illustrating the conditions which are necessary for optimization, in the context of solar system/building design. These conditions and the basic cost-minimization approach which are outlined below could be applied to any of the tradeoff problems mentioned above.
For purpose of illustrating the approach, however, emphasis is given in the discussion and examples to the problem of determining the lea$t-cost combination of HVAC capacity and energy conservation measures which will meet a target level of comfort.
Two basic approaches to the problem of optimization are (1) minimization of total costs for a given output requirement, and (2) maximization of net benefits (i.e., finding the greatest difference between total benefits and total costs.)
Where benefits are fixed, the two approaches give the same result and the choice between them is chiefly a matter of convenience given the nature of the particular problem.
Since, for the problem at hand, all cash flows are negative and a level of co~ort performance is given, the cost minimization approach will be discussed.
lFor a discussion and analysis of these tradeoffs, see, Steve Petersen, Retrofitting Existing Housing for Energy Conservation:
An Economic Analysis. The problem of achieving a target comfort level by trading heating and cooling for energy conservationl is analogous to the classical economics problem of the "widget" manufacturer's need to determine the least-cost combination of labor and capital to produce a given quantity of widgets.
The designer of a solar dwelling may be viewed as the producer of a specified level of thermal comfort for a dwelling, where thermal comfort comprises temperature, humidity, or other related comfort attributes.
The resources (inputs) to achieve the comfort objective consist of labor and material for the HVAC system, insulation, storm doors and windows, solar shading, and other energy conservation techniques, and also include various sources of energy.
The quantity of output, i.e., comfort level, can be expressed as
, where Xl' X2' •.
• Xu are the quantities of the variable inputs. A production.function could be specified that states the comfort level obtainable from every possible input combination.
Many different combinations of inputs may be used to produce a given level of comfort. But the technical relationship between the inputs and the comfort level does not indicate the optimal combination of inputs to produce a given comfort level; the economically efficient input combination for the production of a particular comfort level depends upon the relative prices of the inputs.
A necessary condition for arriving at the minimal cost of producing a given comfort level is that the contribution of inputs towards achieving the desired comfort level be in the same proportion at the margin as their prices. This means that each input will be used up to that level at which its additional contribution to the objective per extra dollar spent is just equal to that for all other inputs. Assuming continuous and smooth functions, this necessary condition is expressible mathematically for two inputs as This expression could be expanded in a different form to accommodate as many inputs as are relevant.
This necessary condition is derived as follows: The decision maker attempts .to minimize life-cycle costs (CL), where IThe higher the thermal resistance of the envelope, the less the change in the temperature of the interior air, and therefore, the smaller the need for additional heating or cooling of the space. Energy conservation actions to the building--by reducing conductive, convective, and radiation heat losses in winter and heat gains in summer--reduce the necessary load capacity and level of use of the HVAC system for a given building. subject to the constraint that a specified level of comfort (Qo) 
To derive the equations (20) and optimality condition shown in equation (17), we rewrite (21) aXY,ax2 P2 This necessary conditionl for the optimal combination of two inputs is illustrated graphically in Figure 1 . Assume that the horizontal axis of Figure 1 measures the BTU load capacity of a given solar HVAC system (Xl); the vertical axis measures the quantity of a given package of energy conservation techniques (X2)' Curve Q indicates all the combinations of Xl and X2 which will yield a given level gf comfort Qo (assumed to be the target, i.e., minimum acceptable comfort level).
For example, QQ can be produced by combining the quantity op of Xl and OJ of X2' or by comb1ning os of Xl and og of X2. Moving from left to right down Q , we can determine on the horizontal axis the increase in the capacity of the so~ar HVAC system which would be necessary to offset a given reduction in the quantity of energy conservation techniques in order to maintain Q level of comfort. The curve shows the technical tradeoffs between o the two inputs.
The lines.Cl' C2' and C in Figure 1 illustrate three of a family of cost functions.
Each function in~icates a specific total cost, and shows the combinations of inputs 1 and 2 which may be purchased for that total cost. With the expenditure equal to C2' for example, one could buy either ot of Xl or OK of X2 or any combination of Xl and X2 that lies on the cost line C2• The slope of the cost line indicates the relative costs of the two inputs, i.e., Pl/P2• Total costs rise as larger quantities of both inputs are purchased, that is, C3 > C2 > Cl• lThe total benefits of each input must exceed its total costs in order to insure that the input is economical to add. .Given the relative costs of Xl and Xz indicated by the slopes of the cost curves, the lowest total cost at which Qo comfort level can be produced is CZ' using os of Xl in combination with og of XZ' For any cost less than Cz (e.g., CI)the desired comfort level, Qo' could not be achieved. To achieve Qo at any cost greater than Cz (e.g., C3), would be inefficient since Q can be achieved at the lower cost, C2' Thus the least-cost combination of fagtors is determined by the point of tangency between the output curve, Qo' and a cost curve. At the point of tangency, !=P I, and the basic optimality rule is met.
aXI aX2
Pz
In practice, the optimal combination of HVAC/enerlY conservation inputs will vary with assumptions and given information.
Th~particular optimal combination is dependent upon (1) climate factors, (2) comfort requirements,
functional characteristics of the building, (4) present and future energy costs, (5) costs of solar and conventional HVAC components, (6) costs of insulation and other energy conservation techniques, and (7) di~gQunt rates.
SUMMARY AND SUGGESTIONS FOR FURTHER RESEARCH
This paper addresses some economic issues important to the design, acquisition, and evaluation of solar heating and cooling systems.
In Section 2, the paper explains and illustrates methods for evaluating and comparing the economic efficiency of solar and conventional heating and cooling systems for buildings. It identifies relevant costs, discusses data collection requirements, illustrates the discounting of costs, develops generalized life-cycle cost and benefit-cost models, sets forth techniques for developing models for unique problems, and discusses how the effective life-cycle costs to the owner of a solarequipped building would be altered by current tax laws, insurance, and governmental incentives programs.
Section 2 also discusses assumptions regarding the discount rate, the period of analysis, and the rate of price escalation in nonrenewable energy sources.
Section 3 of the paper sets forth the logic of and identifies an optimality rule for making cost-effective tradeoffs in the design of solar energy projects. For clarity and convenience, much of the discussion and i.llustration of optimality centers on the optimal tradeoffs between capacity of an HVAC system and investment in energy conservation in the building envelope.
While the paper treats a number of economic issues, it is not an exhaustive study of the economics of solar heating and coooling systems; nor does it meet the needs of all parties concerned with solar heating and cooling.
In particular, the following tasks would appear to require further effort:
(1) Systematic investigation into the expected life-cycle costs of operating, maintaining, and repairing solar energy systems, and the projecting of future costs of solar system components, based on large scale production.
(2) Application of the evaluation techniques described in this paper to actual solar energy systems. I. I'llBI.ICATION OH HEI'OHT NO. 2. (;ov'r AC("('ssion 3. R('("ipic"llt~s This report addresses economic issues important to the design, and evaluation of so It explains and illustrates with simple, but alysis to evaluate and compare the economic efficiency of solar and conventional energy systems. also explains the conditions for making cost-effective tradeoffs in solar system/bui1dinl design.
By presenting the basic methods and assessing the appropriateness of a1ternativl assumptions, the paper provides a resource document for researchers and analysts. 
